Background: Assessment of the fetal brain volume and blood flow is important in the evaluation of fetal growth. We used three-dimensional (3D) ultrasound and power Doppler to assess the fetal brain volume and the blood flow index during normal gestation. The relationships of these parameters were further analyzed. Methods: We assessed the total volume and the blood flow index of the fetal brain in normal pregnancies using 3D ultrasound (Voluson 730). The bilateral parietal diameter (BPD) plane was measured by a 3D transabdominal probe to scan the fetal brain under the power Doppler mode. Then, we quantitatively assessed the total volume of the fetal brain, mean grey area (MG), vascularization index (VI), flow index (FI), and vascularization-flow index (VFI) by applying Kretz VOCAL software. Results: The study included 126 fetuses, ranging from 15 to 38 weeks of gestation. The total volume of the fetal brain was highly positively correlated with the gestational age (GA) (correlation coefficient [r] ¼ 0.976, p < 0.0001). The MG, VI, and VFI were negatively correlated with the GA (correlation coefficient [r] ¼ L0.520, p < 0.0001; [r] ¼ L0.421, p < 0.001; [r] ¼ L0.319, p < 0.0001). The FI was positively correlated with the GA (correlation coefficient [r] ¼ 0.483, p < 0.0001). Conclusion: 3D ultrasound can be used to assess the fetal brain volume and blood flow development quantitatively. Our study indicates that the fetal brain vascularization and blood flow correlates significantly with the advancement of GA. This information may serve as a reference point for further studies of the fetal brain volume and blood flow in abnormal conditions.
Introduction
The fetal brain volume (BV) and perfusion is crucial both in the evaluation of fetal growth and central nervous system development. In the past, human fetal BV could only be assessed indirectly by two-dimensional (2D) ultrasound (US), assuming the BV had an ideal geometric shape, which of course can be an inaccurate assumption. With the advent of three-dimensional (3D) US, there is an easy and noninvasive approach to assess all possible planes and views whenever the targeted-scanned 3D volume is obtained, including the fetal brain. 1, 2 Deficient perfusion of the fetal brain may be related to a poor prognosis of central nervous system (CNS) development and even to fetal well-being. 2D Doppler US is currently the standard technique used to assess the fetal blood flow. In contrast to this conventional method, which analyzes the frequency shift of blood velocity, power Doppler (PD) ultrasound uses the amplitude component of the signals received to represent the number of moving blood cells. 3 PD is especially useful in situations of low-velocity blood flow because it allows the detection of minimal alterations in blood flow. 4 Moreover, PD does not show the aliasing effect and the color map is independent of the insonation angle. 5 This allows the visualization of small vessels and low flow.
With the recent advancement of the 3D power Doppler (3DPD) US, as well as quantitative 3D histogram analysis, quantitative 3DPD in the assessment of the vascularization and the blood flow of the fetal brain has become feasible. 2, 6 We measured the fetal BV using 3D US. For physiological assessment of the brain vascularization and blood flow, we tested whether the fetal brain vascularization and the blood flow change significantly with the increment of gestational age (GA). We undertook a prospective study to assess the fetal brain volume, mean gray areas, and vascular indices (i.e., vascularization index (VI), flow index (FI), and vascularization-flow index (VFI)) in normal pregnancy using 3DPD US and quantitative 3D histogram analysis. Previous studies had measured the MCA and Willis circle, showing different conclusions about these parameters. 2, 6 In an Asian population, our study may be the first series to present an assessment of the whole fetal brain volume, vascularization, and blood flow using 3DPD US and quantitative 3D histogram analysis.
Methods

Patients
This was a cross-sectional study. One hundred and twentysix women with normal singleton pregnancy between 15 and 40 weeks' gestation were examined in this study. Fetal age was estimated from the last menstrual period and confirmed by ultrasonographic measurement of the crownerump length. Those excluded from the study were women with gestational diabetes, preterm labor, antepartum hemorrhage, congenital abnormalities, and maternal systemic disease; women on a regimen of tocolytic and antihypertensive agents; and women absent during patient follow-up. Hospital medical records were reviewed to confirm the pregnancy outcome, and newborns with abnormal karyotypes or major structural abnormalities were excluded. The study was approved by the Institutional Review Board at Taipei Veterans General Hospital and each patient participating in the study provided an oral and informed consent.
Ultrasound examination
All ultrasound examinations were performed by one experienced doctor (Dr. Wu) using a Voluson 730 ultrasound machine (GE Healthcare, Milwaukee, WI) equipped with a 4-to 8-MHz transducer. High-resolution 2D US was applied to scan the fetal BPD and identify the landmark of the traditional fetal BPD plane, including the falx cerebri (anteriorly and posteriorly), the cavum septi pellucidi, and thalamic nuclei in the midline. Then, we used the 3D transabdominal Voluson mechanical transducer to measure the fetal BV with the normal velocity mode (which swept 90 automatically within 4 seconds). The power Doppler characteristics applied were, normal color quality, Doppler gain À5.0, low wall motion filter of 1, pulse repetition frequency of 0.6 kHz, gray scale gain 0, normal frequency and OTI level, and focal zone 2. All women were examined with the same sonographic presets. The analyzing software allowed the 3D volume to display simultaneously in the three perpendicular orthogonal planes on the monitor. The data set was subsequently saved for further retrieval and processing, such as volume determination or 3D-image reconstruction.
In this study, we used the VOCAL software (Virtual Organ Computer-Aided Analysis, GE-Kretztechnik, Zipf, Austria) with the manual mode for each rotation plane with 30 and fetal BV, and 3D structure constructed. The mean grey value (MGV), VI, FI, and VFI of the fetal brain were calculated by the VOCAL software. 3DPD histogram analysis software and VOCAL were used to calculate the histogram indices of the fetal brain vascularization and blood flow obtained from the quantitative 3DPD US scanning. The details of these measurements have also been described previously. 8 The VOCAL-imaging program can automatically calculate the gray-scale and color-scale values for the defined volume (i.e., the whole fetal brain) (Fig. 1) . The stored US volume obtained using 3DPD US was defined by voxels. Gray-scale voxels contain all 3D gray-scale information grades from black to white, with the lowest value (intensity) being 0 and the highest 100 (g0 to g100). Then, the MGV was calculated.
A similar scale was used for color values (c0 to c100). Pursuant to these values, three indices were calculated: vascularization index (VI), flow index (FI), and vascularization-flow index (VFI). The detailed formulae for these indices were also described by Jarvela et al 7 Briefly, VI measures the number of color voxels in the region of interest (i.e., the Willis circle of the fetal brain; Chang et al 2 ) representing the vessels in the tissue and is expressed as a percentage (%). FI, the mean color value in the color voxels, represents the average intensity of flow. VFI is the mean color value of all the voxels in the sphere, representing both vascularization and flow.
Statistical analysis
Data were collected and analyzed using Excel spreadsheet (Microsoft, Redmond, WA, USA) and analyzed using the software SPSS for Windows, version 15.0 (SPSS Inc., Chicago, IL, USA). The relationships between the Doppler variables and GA were evaluated by regression analyses. Pearson's correlation coefficient was used to assess the degree of correlation between variables.
Results
One hundred and twenty-six fetuses with the GA ranging from 15 to 38 weeks were analyzed. The mean maternal age was 32 (range 19e45) years, with a corresponding GA of 26 (range 15e40) weeks. One hundred and twenty-six fetuses ranging from 15 to 40 weeks of gestation were enrolled into our study. The maternal characteristics and fetal flow indices were listed in Table 1 . The total volume of fetal head was highly positively correlated with GA (BV ¼ 10.62 Â GA þ 0.24 Â GA 2 À 208.26; correlation coefficient [r] ¼ 0.976, p < 0.0001) (Fig. 2) . The MGV was negatively correlated with GA (MG ¼ À0.39 Â GA þ 27.46; correlation coefficient [r] ¼ À0.520, p < 0.0001) (Fig. 3) . The VI was negatively correlated with GA (VI ¼ À0.10 Â GA þ 4.40; correlation coefficient [r] ¼ À0.421, p < 0.0001) (Fig. 4) . The VFI was negatively correlated with GA (VFI ¼ À0.02 Â GA þ 0.92; correlation coefficient [r] ¼ À0.319, p < 0.0001) (Fig. 5) . On the contrary, the FI was positively correlated with GA (FI ¼ 0.30 Â GA þ 17.69; correlation coefficient [r] ¼ 0.483, p < 0.001) (Fig. 6) (Table 2 ).
Discussion
After the development of 3D US, the restriction and limitation of conventional 2D US in volume assessment could be overcome. Consequently, it is now feasible to reach the accurate plane for measuring fetal head dimensions or volumes by 3D US. In this study, we used 3D US to assess fetal BV, and the results also showed that the correlation between fetal brain volume and GA is highly significant ( p < 0.0001).
PD uses the amplitude of the returning signal to represent the number of moving blood cells. This makes PD more sensitive than color Doppler in the assessment of low-velocity blood flow. 4 This characteristic is very important when analyzing vessels of low resistance. With the advent of 3DPD, it became possible to objectively quantify the vascularization of specific structures using three main indices: VI, FI, and VFI. 3 This technique allowed not only the complete and adequate study of placental first-, second-, and third-order villous arteries, 8 but also the quantification of the vascular supply and blood flow in this territory. Previous studies have focused on the middle cerebral artery (MCA) and the Circle of Willis, 2, 6 which are shown in Table 1 . Chang et al examined the Circle of Willis in 155 fetuses between 21 and 40 weeks of gestation. They reported a strong positive correlation between all the indices and GA, with an increase in brain vascularization and blood flow throughout gestation. 2 Nevertheless, the report did not calculate the whole brain area, where the venous parameters might be important in brain vascularization. Their data disclosed a positive correlation coefficient, indicating that the fetal brain vascularization and the blood flow increased with the advancement of GA. 2 Other studies (including ours) were not consistent with their results. 6, 9 On the contrary, Nardozza et al assessed the vascular indices of the anterior territory of the MCA. Their study found a minimal correlation between GA and the 3DPD vascular indices of the anterior territory of the MCA. 6 In our study, MGV, VI, and VFI revealed a negative correlation with GA and FI showed positive correlation. One possible explanation is that the growth rate of brain parenchyma is much greater than the vessels but less than the flow volume. During fetal status, brain development might be primarily supported by the increasing flow volume. By contrast to the previous studies, we measured the blood flow of the whole fetal brain, including arterial and venous vessels. The venous flow was thought to be important to fetal development and was excluded from previous studies. We assessed the artery and the venous flow, and this could be an effective way to assess the fetal brain flow. We used the 3DPD to assess the fetal BV and vascularization at the same time. Overall, our study provided additional answers regarding the assessment of the fetal brain vascularization and blood flow using 3DPD US and the quantitative 3D histogram analysis.
There were some limitations in our study. First, the number of cases was still very small to build the reference ranges of 3DPD indices of the fetal brain. Second, we only collected a few abnormal fetuses [cases such as intrauterine growth restriction (IUGR) and preeclampsia; data not shown in this study], which made it difficult to compare the differences between the normal and abnormal groups. In Bartha's research, cerebral circulation in normal and growth-restricted fetuses was compared, which revealed that all the fetal cerebral 3D vascular indices have increased in fetuses with growth restriction. In these fetuses, there were more cases suggesting hemodynamic redistribution than expected by conventional Doppler studies. 9 To the best of our knowledge, this is the first study focusing on whole brain vascularization in a Chinese population. However, we still do not know whether there is any difference between ethnic groups, which could be the basis of further research. In conclusion, 3D ultrasound is an effective and important tool to assess fetal brain volume and blood flow. In our research group, further studies with a larger number of cases are ongoing to confirm the results presented here and establish the reference range in the Asian population (especially for Taiwanese). Information regarding pregnancy cases with fetal abnormalities should be continuously collected, and verifying the potential contribution of these indices for diagnosed pregnancies at high risk at different GA could also be explored in the future. 
